
| 2

Lflb

Ln

0

Nd FOREIGN TECHNOLOGY DIVISION

Io

THE STEADY STATE BURNING MECHANISM OF COMPOSITE SOLID
PROPELLANTS INCLUDING THOSE WITH NEGATIVE

PRESSURE EXPONENTS

by

X. Wengan, L. Baoxuan, W. Kexiu

Approved for public release;
distribution unlimited.

89 .7 062,~'===MEOW



FTD -I1( RS )T-o039- ..

EDITED TRANSLATION

FTD-ID(RS)T-0539-84 21 June 1984

MICROFICHE SR: Fri-84-C-000617

THE STEADY STATE 8URNING M(ECHANISM OF COMPOSITE
SOLID PROPELLANTS INCLUDING THOSE WITH NEGATIVE
PRESSURE EXPONENTS

By: X. Wengan, L. Baoxuan, W. Ktxiu

English pages: 44

Source: Yuhang Xuebao, Nr. 3, 1983, pp. 1-19

Country of origin: China
Translated by: SCI'RAN

F33657-81-D-0263
Reque3cer: FTD/TQTA
Approved for public release; distribution unlimited.

TINS T, NSLATION IS A RENOITION OF THE 01I1.
HAL FORIEIGN TEXT WITHOUT ANY ANALYTICAL OR
EDITORIAL COMMENT. STATEMENTS OR THEORIES PREPARED BY:
AOVOCAIEDOR IMPLIED ARE THOSE OF THE SOURCE
ANOO NOT NECESSAmLY REFLECT THE POSITION TRANSLATION DIVISION
OR OPINION OF THE FOREIGN TECHNOLOGY DI- FOREIGN TECHNOLOGY DIVISION
VISION. WP. AFB. OHIO.

FTD -ID(RS)T-0639-84 Date 21 Jun 19 84

I



DISCLAIMER NOTICE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT
NUMBER OF PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



The Stea y 3tate Burnin- : ichcnis of -msite -o'i

rie...nts Including those ,with Vegative Pressure "iX-.nents

Xu '.engan Ii Baoxuan l;ng Kexiu

ABSTRAC T

-in order to study the steady state buring nechanism of

AP-based comnosite solid oronellants i.ncluding those with

ne ative pressure exponents, we applied the scanning electron

m.icroscope to examine samples of extinguished combustion

strands and we also anoplied the single-frame microphotography

of self-illumination or laser-shadow to observe the burning

sanoles. WIe found that the covering of the melten binder over

the A? surface was not a particular nhenomenon of the PU

.ro-jellant in the mesa" burning area, but rather a general

7henomenon taken place over az. extensive region. ;;e showed

indication that local covering nay noc have resulted in local

extinction and we further proposed a new theoretical model

whioh takes into consideration the combined effect of the

convering of the melten binder on the AP surface and the

existence of condensed phase reaction as well as the reversed
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f izz pe r -3.3u r c e :e,!r. This oei e ain be used

f r' AF --asc 3nlid c-'nositt e.?'s which includie the

q-i["-" _:en tin .er. This model exhibits the canabilitv of

. ... _ ..... , "nesa", anid normal burning beha i',)r

r- t _r. a1-n be ise-J to nnalyze the eff-:cts of in;'il

.eorature nd the A? particle size on the bur.ing charateristis.

7urthe:-)ore, this model c _n se-ve as a basi- for s~udying t.le

erosive cor-ustion an- non-steady state c..bustion of :-ro:,el1 nts

which include thi. "nesa" nropellats.

I. INTROLJCTION

The composite s3lid propellants usuallly have two basic

types of burning models; one is the gas phase type and the other

is the condensed phase type. Among these moddls the "GDF" model

is re-oresentative of the gas phase models and the "BDP" Ls

representative of the condensed phase models. (It should te

noted that in t:ie earLy 1960's scientists in our cowutry such

as comrades Zhang Cun Hao, He GuC Zhong, an! Yang Pei ing,

have prozjosed a complete muViple laye. flame model which can

be guided and implemented Ill. Some of the mathem.tical

treatments used by this paper are devcloped in light of their

results. Tn recent years, based on the foundation of tt.ese

2



t',ctv'es of basic models mentioned above, scientists male t-3

a -. .f the limitation of sngle mode single dis3ersion

if oxidttiin reagent .irticles and introduced statist.:za

methods more fully into this problem,which has a strong

le-,_ee of rn Aonness. One especially clear exanrle is the

establishmnen of the contemporary models such as the "P?"'.

mode! which can analyze the problem more fully under more

realistic conditions. Unfortunately none of the models can

be used ii exolain the "plateau" and "mesa" effects.

J.H. Robert t21 has proposed the combustion sneed relation

equation r=-an og (I/ L e ) as early as 1966. This was actually

a relatively abstract model for steady state burning. Even

though this was only a hypothesis of his, it represents a

bold attemmt to ccme up with a model which attempts

to explain all the combustion speed characteristics of normal,

"plateau", and "mesa" burning fully. This author believes

that these c,&mbustion sneed characteristics are only ,.nifestations

of a single unified burning problem under different conditions.

This is why wien we are studying the individual mechanism

of the various characteristic areas,we should also consider

the internal connection among these various characteristic

areas so we can more deeply explore the nature of the problem.

"Oe can only tackle the problem associated with a unified burning

3



-eCh. S ;. hi V?.rieS .ith O.fditions ..;hen ',e can nro-ose a

et tnreii_ .-iel %which can roviie a full e:-aInation

if all tne bu.r.ing characteristics of the composite solid

orr-ellantt3. This is the objective of this study and we start

by exploring the nature of the 'masa" effect. We also encieavor

t.- nroCse a ,unifiei -ode1l.

This naner ::as received on April 17, 1982.

The so called "mesa" effect indicates that the combustion

speed of the solid propellant exhibits a negative exponent

relationship with the pressure and this burning phenomenon

was discovered in the 1950's or even earlier. There has

been no in-denth study into this effect u- to this date, since

it has not raceivea the proper application attention it

deserved in the past. At present, however, an in-depth study

into this effect appear, quite necessary since it provides a

probable path for The study of the adjustment of the impulse
[3]

nower of a solid rocket propeller as well as the adjustment

of the flow volume of the solid combustion gas generator 4l .

Even though we have not seen an analytical model which describes

this effect un to date, there have been numerous experimental

observations and valuable descriptions about the mechanisms

that can serve as basis for our study. (The relevant references

are in [5J - [13J). This study starts from phenomena observed

ar4



iu' nz'' c 2-s I -ewc nr

ex= essei by 74. summerfie! ]  .3. Snaiiin , an C. 3uira ]

sr! then 7ro-ose a model based on the "BDP" model. Cur model

attenzts to fully describe the nlateau", "mesa", and normal

burning; behavior.

a-PCANATICN OF S*IIBOLS

A the factor in front of the exponent in the Arrhenius Equation

31932'3 roportionality constants in the corresponding

relationship equations

CP snecific heat under constant pressure

D 0staneard dispersion coefficient under reference pressure

d statistically averaged diameter of the AP particle

E4. activation energy associated with the thermal dissociation

of the binder

aOx ctivation energy associated with the interface reaction of

the oxidation reagent

G fractional mass of the AP that was used up during the condensed

phase reaction

h the thickness of the liquid layer covered by the binder or

the difference in height between the oxidation reagent and

the surface of the binder which was reflected in the equation

representing Sox/S0



-. s:e ztints ... ciatd with the various chemical reactions

... r.-.ter of izniticn elay associated w:ith the oxika 'ton

e D Lewis nmber

n mass fbo"." rite

1 oriers if reactin of the various chemical reaction

P -oressure

reaction heat associated with a unit -ass of the reagent

reaction heat of dispersed flame in area I associated with

a unit -ass

reaction heat of mixed flame in area I per unit mass

*F reaction heat for the dissociation of a unit mass of the binder

Q, condensed -hase reaction heat for a unit mass of A

. interface reaction heat for a un_.t mass of AP

Seveporatiin heat for a unit mass of A.

R0  universal gas constant

3 the total surface area of the oxidation reagent and binder0

in area II

T temnerature or the characteristic temperature correspon1ing

to the dispersed flame

T initial temperature of the propellant

Tf the adiabatic flame temperature of the propellant and the

tenrerature of the burning gas

• • m m m •6



tine of jelayed ifition Ior the oxidation reagents

" ". ecu! ar '.eight

, ..-.nclecular weight of the gaseous croduct of the AP

condensed -)hase reaction

X transmission distance from the burning surface corresponding

to the various reactions in area II

Y transmission distance from the AP surface corresponding

to the various reactions in area I

a fractional mass of the oxidation reagent in the Drcoellant

F the fraction of the reagent that enters the initial flame

yO the fractional area of the surface of the oxidation

reagent that is being covered by the melten binder

4 the fractional volum; of the oxidation reagent

) coefficient of thermal conductivity

? density

density of the solid propellant

the dimensionless transmission distal 7e corresponding -o

the various reactions

superscript

I the corresponding parameter in area I where the oxidation

reagent is being covered by the binder

II the corresponding parameter in area II where the oxidation

reagent is not beingcovered

subscript

AP parameter corresponding to AP

7



A~ -7~ee c.,rresTonling to the A:- vajor

raran-2Ltr crr s-on-ir to the ex7:ansion nrocess

-aran.eter corres o-nding to the final flame in area II

F ar- et-er corres-,onding to the binder

-a--rneter corresponding to the gaseous state

X -ararnetar corres-londing t o the oxiadation reagent

naramieter CO rres-ponding to thie initial flame in area I!

7. arari'-ters corres7!ondinz to the A? surface in area I or

buz.,Lingz surface in area II

2 Doaravnetar corresr onding to the -premnixed flame in a-.rea I

3 naraneter corresron.ding to the ex-oansion flame in area I

I -jarameter corresnoonding to area I

11 nara'ie-ter corres'nonding to area II

II. - ' RI-77TAI RESULTS AND ANALYSIS

(1) General Conditions:

The tymes of pro-pellarits used in thq experiments and t-heir

':o-bustion sneeds are sho-n in Table 1.

In order to obsserve and verify the condition of the covering

of the binder- on the AP surface, wie connected one end of a "T"

shaped generator to a microsecond class interruntion opening

nechawnis7, and app-lied the method of rap)id reducing pressure

8
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extinction t- obtained e:*:t-ncted _ sanles under different .r:.

_-urin the intcrr-ution -rocess ":e have not used any gas t),_

uid4 to aid the -rocess Df extinction. According to the

ci-eria: -:rovided by referenices f5 I)vec euete

the sa-,:les '.ie have obtained all retained their true corditions

in the burning surface nrior to the irter-aot.on ar.d there

was no destruction due to the "second flane". This judgenent

-'as verified by the consistency of the nhotogrIahs tak=en by

the Scamn Ling electron microscope on the burning samnle ;iith

the interrunted samole. The regularity of the surface structure

as observed by the scaring electron microscope also verified

this point.

I. . (=='s€

-Ik6 Jc) 4 ;1PU-AP $So4-5) ,A.X.P -L-APt."(SO4-SA)

hi 7, 79

73.61

25 3.75

36 3.97 3.62

3s 3.3S
40 3.9$ 3.19

4*Sso SAS ., .

70 3.6

76 3.51

1. Table 1 Types of propellants and their combustion speed.
2. pressure 3. combustion speed 4. ,cU-AF ty-e(So 4 5 ) which

contains aluminum 5. ?U-AP ty-pe (S045 A ) ,:hich contains no aluninu r

9



in r"e : :a-.liat the observtion of t e '

or r-.i t:ve.-.iion bet .een the bin.der ;n .A? on thi burning

surface, -'e nave very carefully soaked a portion -f the extincted

sa.'nles one by one in :;ater for about 5 minutes zo the on

the surf-.ce zoul- be dissolved and only the fr.ne,.-ork 0' the

bin'r --3u reII ain. The s anIes after e:'ti.ction (icluding

those --oed in ".ater and then oven dried) ,ere then

-z e under a 3'-_ tr-pe and a 36'0 ty-e sca.min- electron

microscore ("3-") to conduct analytical photogra-phy on the

burni.Z surface and the cross-section. These sanples ":ere al2.o

examined usin3 re-ular microscopes. At the same time we have

also conducted si ile-frme nicrophotogranhy of flame self-

illumination or laser-shadow to observe the samnles in the

conbustion process through the trans-arent window of the

combustion chamber.

(II) xnermental Results:

1. From the S t photographs, w-e can see that the burning

surfaces of almost all the sarles have melten binder covering

the surface of the AF crystal (as shown in Figures 1, 4, 5).

The self-illu-ination nhotography also indicates that, under

lo.i zress-are in the non amesa" area and high -ressure in the

"mesa" area,the mobility of the binder w-as extremely good. The



binlier in the araignite~i first would ev.en fc:to the

surf,'oe t.hat had niot been igni:ted where it formed a cold

0 condense ' bulge due to the coldness it encountered 'Figure 2).

-~1 Z-1~

31 _"z MOAN.

So4-SA -P-.335kgcu' 0O lW M 50ftU4-A P.31.5kg/cu' ZK (*IMM 2
3.E *41~~U

1. (cross-sectional view off the water soaked sample)

2. (cross-sectional view of the water soaked sample)

3. Figure 1 The covering layer of the binder and its

cross-sectional -view.
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1. (rs-set a viw .(o iw .(o iw

4. Figure 3 The typical s~~itainwee heA pric s
ar atal bigcvrd
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2. CbservatinS of the ton vie-, and si..e vievi of the

i:- e -f t". burning surfaces are shown in Figlure 3. The

surface of the large oxidation reagent particles was

cc rred by the binder and it forned a straw hat shape. The

edge of the hat ",as the binder which covered the oxidation

re=gents and the central nortion was the volcano crater

shaneI or cauliflower shaned surface of the oxidation reagent

which nrotruded out relative to its surrounding.

3. There aere regular differences between the burning

surfaces of the samples extinguished under different pressures.

This was esecial-y clear for the S04-5A prescriptiqn where

there clearly existed different covering areas by the binder

on the surfaces of the large oxidation reagent particles

(Figure 4).It can also be seen that in the obvious "mesa"

area the covered area appears more extensive with higher

pressure, while in the non "mesa" area (or its vicinity)

there was also a considerable area under low pressure.

The 304-5 prescription which contains aluminum also shows

this regularity.

14
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V, T11--,I

a..> S4-SA S04-SA
.~~. ~ ~ . P-32kg/cml -RS~c

Y-

.-.. 1_7

2. lae sao

1. thgue extereorcappaane oshte creln ringlosieh

"shell crater".
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The different ccnditions of the AF surface covered by

the binder- under the samie pressure (Figure 5) indicate that

the covering 'f each AP particle by the binder could nave

variation ran.ging from a local phenomenon to a phenomenon

affecting a majority (or all) of the cases. This also means

that under a nartial covering situation the retreating speed

of the covered nortion would be smaller than that for the

portion that was not covered.

5. The surfaces of a majority of the S04-5A extinguished

s~m1~es ( in obvious "mesa" area or under the pressure in

its vicinity) exhibited concave craters with diameters from

3 to 4 -M which aere similar to shallow shell craters. At

the sa e time the laser shadow photogranns of this prescription

under a pressure of 24 kg/cm , corresponding to the condition

at the intersection of the Omesa" and non "mesa" areas,also

show similar "shell craters" (Figure 6).

6. Under the stereoscopic microscope the extinguished

samples prepared from the S04-5 prescription show signs of

various kinds of "stone forest" shaped small "mountains"

standing on top of the burning surface. We can also see some

of these features from the SM photographs (Figure 7).

18



S04-

I IIII

P -- .

i. Figure 7 The "SM,"' photograph that shows features similar

to a "stone forest" shape.

(III) Experimental Results and Analysig:

Based on the experimental results shown above, the commonly

recognized diagnosis7]----63 that the "mesa" effect is produced

by the local extinction caused by the local covering is

questionable. ;e can say this since in addition to our results

reference[9g also mentioned that a prescription -with a positive

pressure exponent under pressures of 1 - 100 atm would have

the burning surface covered with a melten binder layer

associated with samples extinguished under all pressures. Derr

and Boggs (i01 have examined SMA photographs of the extinguished

samples of the PU-AP type prescriptions with positive pressure

exponents and they have discovered indication that under

19



2
etiryih resre (about 36.3 ksl/cn ) the AP crystal

"as -Y-- on saii *! concave trough and its surface was

covered by the binder. This is aLnost exactly the sane as

our result, except thla the magnitude of the pressure is

i In addition, the Chinese Technology University

has obtained a S elf-i lumination :hotogranh ,-hich showis

that -.hen a C- -A- type prescrintion with a positive pressure

exncnent was burnin-, the nelten bind!er was mobile and

the binder encountered coldness on The surface that was

not burning and subsequently forned a cold condensed bulge

(Figure 2). Prom the research reports concerning the

exneri.ents of double-layered combustion devices[1?), [1aj

we can see that there are widespread melting and flowing phenomenon

on top of the A? layer for the CTB and even :H-TB during

the combustion reriod of these doubled-layered devices sith

conditions close to the realistic combustion process of the

pro.nellant. This is why the covering of the AP surface

by the nielten binder under certain conditions is actually

not a narticular nhenomenon of the PU propellant in the

"mesaw" area. It is rather a general phenomenon which can

take n'ace in a much greater range than the "mesa" area of

the PU nro-ellant.

20



local covering may not result in local extinction. From

the -hotolranhs obtained from the single-frame microphotography

of the self-illuninating flame (Fig-re 2), we can see that

there *sas no extinction over a mide area corresponding to

a pressure ,,ith a -.ide scread covering (24 kg/cm 2 ) for the

S04-3A rrescrintion. If ';e simply think that local covering

Will lead to local extinction and subsequently prcduce the

"mesa" effect, it aill not only be difficult for us to explain

the exerimental results and reports mentioned above but it

will also be difficult for us to explain the nhenomenon of

non steady state burning of the "plateau" and "mesa" propellants.

This is the case since a local extinction will have *o cause

a decrease in the gain of energy that is supporting the

oscillating combustion. This in turn contradicts the existence

of the "plateau" and "mesa" propellants as well as the existence

of the serious non steady state burning phenomenonJ 1 9 (During

the "T" ty,/pe generator experiments we have also. obtained

a unioue self excited oscillation result for the S04-5A

propellant under a large area covering pressure of P - 23 kg/cm2

and this result is shown in Figure 4.)

Based on the analysis mintioned above, we believe that

covering is only one of the conditions for the production of

the "mesa" effe,;t. We also assume that its nature is related

21



t- -'- -unn--nz" "- in' so calle "II ch=~a-acteristic

a-re." aS-3iated .iith the ex-cosion and combustion of ure AP.

The reasons are: "-ithin the four characteristic areas of the

ex-osion and combustion of AP classified by T.L. 3oggs et a.20

to the=. re.ations'hi bet4een the steed of exilosion

a-! :o-bustion a!M oressure, the existence of a II area where

the ex-!osion soeed increases with the nressure is definite.
[2 1]F22!

:att and ?etersen r213 and -riedmai Ative also estimated this

characteristic area where dr/dp<0. In addition, the characteristics

of this areaf2I almost without any exception are exhibited

in the "mesa" area of the nropellant. The dr/dp<0 are comion,

the intermittent and fluctuating micro flame can only be seen

in the II area associated with the explcsion and combustion

of AP, and these nhenomena are only seen during the burning of

the "mesa" propellant. These phenomena are not seen for the

burning of the non "mesa" propellants. The latter has been
observed by Barrere , Summerfield and J. Cohen

The burning area of the A? has a maximum retreating area in the

II area and there are small "mountains" formed by needle like

objects on its surface. Both "ae and J. Cohenl 1 3 1 observed

the shallo, "shell crater- shaped maximum retreating area on

the burning surface of the "mesa" propellant. As for the

",stone forest" shaped object which resembles the needle like

objects, :/e have observed this feature from the stermoscopic

22



r a3 - e I I': a the : --I-. Th. . is hy

t>e<.t-.s To not b-l eve tha t-is is rnly a c-inci..nce;

rte.er -believe that it is due to the covering of the A2

surface by the melten binder and the introduction of some

r--ent ..... inhibits the combustion speed. These factors

un-er a certain *-rassure -roduce burning conditions similar

t t.e ex-osion and combustion of zure A? in area :1.

.na- is the nature of the cause of the "II area characteristics"

for the burning and explosion of A2 ? ",fe have not seen any

study report '.hich provides a full ex-)lanation up to this

date. C. 'uirao and F.A. :illiams(14] thought that the increase

in iressure 'ill increase the absorption of the gases by the

condensed phase and the absor-ped gases in turn inL'zkbit the

destruction of C10 4 . This is why the condensed phase reaction

Will be reduced with a.i increase in the pressure and hence the

combustion sneed also decreases with it. Even though this view-

point lacks direct experimental basis and a description of

the quantitative relationship, it is still convincing as far as

the explanation of the problem is concerned. This paper will

take this hymothesis, which assumes that the condensed phase

reaction is a function of the pressure.

III PHYSICAL M ODFL

23



The combustion of a composite solii nropellant is a

' -.'lic~teih*h sical and chemical problem even if the burning

?r-zess is in ztea'v state. ;.e not only have to study this

ornbon from the angles of chemical dynamics, the heat

cin'.uction, the nasS conduction, ant the chemical thermodynr ics,

as well as treating the various characteristics of the

mech anica ly mixed substances from the angle of statistics,

but we also have to examine the effects of factors such as the

relative nosition of the binder and the oxidation reagent and

the mobility of the binder on the covering of the AP crystal

surface by the binder from the angle of ordinary mechanics.

S ecifically, we not only have to treat the whole flame as

combinations of different proportions of pre-mixed flame and

diffusion flame based on their influence on the combustion

speed, but we also should view the combustion speed problems

as combinations of condensed phase process and gas phase process

and treat them as combinations of different proi5ortions of the

condition where the oxidation reagent is covered by the melten

binder and the condition where the oxidation reagent is not

covered by the binder. At the same time we should also treat

the condenseu phase reaction as a function of pressure when

the surface of the ixidation reagent is covered by the binder

and the abnormal burning process is taking place. Also, when

we consider the gasification reaction on the interface of gas



nd li:uid,we should also take into consideration the existence

of the reversed process of gasification - the negative-direction

gasification.

Based on the concents mentioned abve, we are proposing

the following hynotheses for the mechanism of the steady state

burning of the composite solid propellants which include the

"mesa" type propellants

1. 3ased on the presence or absence of the covering of

the oxidation reagent surface by the binder, we can classify

the burning surface of the propellant into two areas. The

area where the surface of the oxidation reagent is covered by

the melten binder is called area I, while the area where the

surface of the oxidation reagent is not covered by the melten

binder is called area II. These two areas will proceed with

their different burning patterns based on the burning conditions.

Their relative importance in the overall burning process is

determined by a composite parameter r which represents the

fractional area of the oxidation reagent surface which is covered

by the binder.

2. For area II where the surface of the oxidation reagent

is not covered by the binder, it is quite similar to the "BDP"

model and we can negl3ct the negative-direction gasification.

The gasification procress without the negative-direction

gasification is a procedure which can control the combustion



s-eel. It also has three tyzes of fla-mes similar to those if

the 3?" odel. The first one is still the A? ore-mixed

fla-e for a unit A? propellant; the second one is a diffusion

flame in between the AP dissociated gasification products

and the suirounding binder or the heat dissociation product

if the binder .vhich covers the A? surface nearby (area I).

We will call this the initial flame. The third one is a

diffusion fla:-e in bet.een the A? flame product and the heat

dissociation product of the binder or the neighboring

rich-burning product produced by the combustion process in

area I. We "ill call this the final flame. This hypothesis is

based on the observation that the AI crystal also exhibits the

charcteristics of high in the middle and low on the edge

before it is covered (Figure 3), similar to the characteristics

observed by Derr and Boggr [ l 03 for the propellants with positive

pressure exponents. This is why we think we should also

have a comnlicated flame structure and we should also have

similar multi-layered flames just like the similarities we

observed for the surface features.

The condensed phase ( we can deduce that the A? surface

that is not covered should be -in melting state before the

extinction based on the No. 58195 blow up figure of the central

portion of the oxidation reagent particle shown in Figure 3)

26



iil have condensed nhase reaction taking place in the interior,

which releases heat,and 'he interfacial reaction with dissociation

and evaporation taking place on the surface of the liquid layer.

The relationship between the combustion speed and the pressure

in this area will certainly give positive exponents similar to

those in the "BDP" model.

3. In area I where the surface of the oxidation reagent is

cove'red by the melten binder, we assume that the condensed phase

with reverse-direction gasification is the procedure that

determines the combustion speed. The oxidation reagent maintains

the continuous dissociation and gasification on its interface

by taking the heat generated by the feed-back of the gas phase

flame and the heat generated by its own condensed phase reaction.

The product of gasification and the gaseous product of the

condensed phase reaction pass through the binder liquid layer

on top of them in the form of dispersed phase and subsequently

form gas phase reaction with the dissociation product of the

binder in the form of a continuous un-steady pre-mixed flame.

Finally, the rich-burning reaction product together with the

oxygen-rich product on ton of area II form, a diffused flame.

This area is different from axrea II; the reverse-direction

gasification can not be neglected. This is so since when the

surface of the oxidation reagent has already been covered by

the melten liquid binder layer, the gasified oxidation reagent
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-lecuies cin no !rnger -uickly enter the flame area as in

area II even uaner low pressure. Instead, the molecules will

hive to go through the liquid binder layer that is covering

them. This is why t °e concentration of the gasified

-olecules is much higher near the interface of the gasification

:rocezs than is the case with no covering at all. The zm molecular

• wieight that impinges on a unit interfacial area per unit time

also increases significantly. This kind of reverse-direction

gasification can reach a quite substantial degree even under

relitively low pressures. This is why we assume that the

dissociation gasification reaction which takes place under

these conditions is a reaction somewhere in between the

reaction rate nrocess without the reversed direction and the

equilibriun process. Since the reverse-direction gasification

intensifies with the increase in pressure, the relationship

between combustion speed and pressure will obviously have

negative exponents when the pressures are higher than a certain

value.

At the same time, both recent observations as well as

our results indicate that the melten binder layer always

exists on the AP surface when the propellant is burning. When

the A? surface that is not covered by the binder burns to the

degree where it is lower than the liquid surfzce of the

surrounding binder due to the high retreating speed, the melten

28



binder c--n -fow into the area and cover it. Since the liquid

binder layer is closer to the flame than the A? surface that

has caved in, its tem7erature will not be lower than that on

the Av surface,so its flowing in will not alter the condition

of the A?. surface with its own melten liquid layer. This is

why -he dissociation gasifization at this time is still

dissociation evanoration. Also as described above, we will

further assume that the AP here exhibits condensed phase

reaction similar to that described in reference [14] , and

this reaction is also a function of the Dressure: It will

increase with the increase in pressure under low pressures,

wahile it will decrease with the increase in pressure just like

the exolosion and combustion of Ak in "area II" when the

pressure exceeds a certain value. This kind of a pattern

further intensifies the effect of generating negative pressure

exponents by the reverse-direction gasification.

4. The fractional area of the surface of the oxidation

reagent that is covered by the melten binder f is determined

by the mobility of the binder, the structure of the burning

surface (while the structure in turn depends on the pressure),

the ccntent of the aluyinum p6wer, the particulate degree of

the oxidation reagent, and the property as well as the quantity

of the reagent used to adjust the combustion speed. All these

factors are obvious. It should be noted that, however, when
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the cintent 2f the oxi-atiin reagent is high for a orescrintion

!ue t,) the liv content of the aluinun no'er, the r value

incre.se since the aluminum roawer and its condered

c-unk till exert less resistence to the flow of the binder.

:h-en the content of the oxidation reagent is low since the

content of the binder is high, the r value also increases since

this increases the oossibility of covering. As for the -articulate

degree of the oxidation reagent, it is obvious that the large

the narticle is the longer the flowing distance of the liquid

binder layer ,:ill have to be in order to cover the surface

comnletely, so the f value decreases. 'e should talke into

consideration that any factor that can increase V will have a

possibility of making the "mesa" effect occur more easily when

the propellant is placed over a certain pressure value. So we

can extend the analyses mentianed above and discuss how easy

or hoi difficult it is to have a "mesa" effect. These results

are consistent with the reports in references [4], [6],(8].

5. The thickness of the covering liquid layer is a random

quantity, but its initial mean value is mainly determined by

the mobility of the melten binder layer (which possibly

contains aluminum power) and the structure of the burning surface.

The flowing tendency -ahich produces the covering phenomenon

is primarily determined by the difference in height between

the surface of the binder liquid and the A? surface. From the

angle of the motion, when a certain value is reached which
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is n-eat enoujh to overcome the floa resistence of the melten

binder_ _uid, the flo':ing and the covering can be realized.

After this noint the thickness of this covering liquid layer

,ill gradually decrease according to the burning pattern in

area I described above. This is why the mean value of

the real thickness of this liquid layer, assuming it covers

the entire surface completely,denends on not only the mobility

of the me2.ten binder liouid but will also' be inversely

proortional to the retreating speed of the binder in area I.

A
IV !.AT="ATICAL TREAtMENT

":e %ill first assume that the gas phase reaction is an

even -hase reaction that is completed in one step. ;ie can

neglect the heat loss, and the influence of thermal radiation, and

assume that the particle of the oxidation reagent is spherical

and it has a single mode single dispersion. Next, we simplify

the multi-dimensional physical model into a one-dimensional

model so we can facilitate the mathematical treatment. The

areas I and II mentioned above are usually tw-o adjacent areas

and there is usi..ally a mass exchange relationship between them

since the mixture proportionality is different. Based on the

ultimate effect, we also simnlify these two areas further into

two independent areas as zhown in Figure 8; we will still call
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th-em re,.S I aid II. The relationship between them is linked

by the e-uiva.!ence of the ultimoite acliabatic flame ten-eratures

in taese t-o area. ,e also assume that during the burning

7rocess the consumntion ratios of the oxidation reagent and

... der in these +.-o areas are the same as the 'veight ratio of

the oxidation reagent and binder in the propnellant. So the

- total consumntion rate of the nronellant is
n('-.9)

a 0o,,(So.IS.) ()

Y I

Y, L
1"t4APA 7,

W 2.n A4P '.

I X I q.

I*.

I. area I 2. Jiffused flame 3 3. pre-mixed flame
4. licuid binder layer ; 5. liquid phase ; 6. sclid phase

7. An surface; . AP ; 9. area 11 10. final flame
11. A? flame ; 12. initial flame ; 13. liquid phase
14. solid Thase ; 15. burning surface ; 16. propellant

17. Figure 9 A one-dimensional model of areas I and II.
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;e w.l now treat areas I and II separately

Are-. I : Based on the hy-othesis that the condensed phase

re-action exists and that the combustion sneed is controlled by

the condensed ohase reaction with reverse-direction gasification,

w.'e can obtain the following equation according to reference L261:

"Sx (2)PA ,,,, (

For simnlicity, here w.re have already applled the assumption

Jacobs and Russell-Jones(25l proposed which treats NH 3g) and

HC!,(g) as a single unified AP evaporation gas. -(T

is the equilibrium evaporation pressure of AP under a temperature

Ts . From the Clausius-Clapeyron equation we dan obtain the

approximated assumption

PA,,,)..(TS)-B'exp (3)

"e can further deduce the following equation from the facts

that the total pressure under the covering liquid layer equals

the combustion pressure and that the mass concentration ratio

of the condensed phase product and the AP vapor on the evaporation

surface equals G/(l-G) %

P

4Z ,- (4)

Now we can obtain the continuity equation for area I

as
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3. '. liG T 7 (5)

,e can further set the origin of our one-dimensional

coordinp.ce system on the AP surface that is covered by the

binder, as shc::n in Figurq 8, and place the moving coordinate

system. which noves towards the interior at the combustion speed

of the nropellant r. ;Ie can then obtain ttie following equation

when we assume that the thermodynamic parameter is a constant

C dT &dT
"p'r d7_ "- +pprCQF,(Y)-(1-a)QF,(Y)]  (6)

In this equation F1 (Y), F2 (Y) are functions of the heat release;

they describe individually the heat release conditions associated

with the heat dissociation in the nre-mixed flame and on the

surface of the binder. For simplicity, we assume that the heat

releases are in pulses and they can be represented by S functions;

we can then have

i C6'Y YJ-(Ia)(,) (Y Y') (7)

In this equation , the boundary conditions are

when YuO, T s (8)

when Y =T, T= T .

We can now seek solution of the equation by using the Lagrange

transformation, and also take into consideration the relationship
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of ther7'-t. euilibriur on the A.F surface

A =p~r~aC(l -G)Qs-GQJ]+C,(T;-T.)} (9)

We can then obtain a renresentative equation concerning T.

Q .-G)QST, = T, + a- O - C,- )Q -a) expt- i.') + C-exp( -

GQL-(I-G)Qs on- (10)
+~ C,

Here Xa ; accordting to the assumption of the physical

model we can set h as

h- Bpa-a) maxii

B is a parameter which primarily characterizes the mobility of

the melten binder liquid (which possibly contains aluminum power)

and the structure of the burning surface. In this way,

C,B~p, (12)
- -a)

Since-the pre-mixed flame and the diffused flame are

separately determined by the chemical reaction speed and the

chemical reaction as well as the diffusion speed, we then have

C,,, (13)
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' II 2y aniying entirely sinilar steps as in area

I, -.we have GQ-(l-G)Qs( or QI

XP D

GOTV '(-GQ

+ p(- (16)'+ 1 a q

CpSxS)7Sx 1  BP 1 (7

pp,

Sielrey AP e can btin te c~,-oxtnut equations ;,-(A

(16



Fromn the simulta eous equations above aie can obviously

obtain the relationship between the combustion rate on the

entire surface and the pressure : F(ft,P)-0.

V DISCUSSION

Since there has been numerous available comnatational

results and -rocedures concerning area II (such as references

[27], 28]), we will only carry out the computations for area I

here. The results of the computations based on the data sets

in Table 2 are shown in Figure 9. ,lhen considering different

combinations of different proportionalities in area II where

the pressure exponents are always positive, we can obtain the

conditions where the relationship between the mean combustion

speed and the pressure will show positive, zero, and negative

pressure exponents when the pressure exceeds a certain value.

The mean combustion speed is estimated for the entire surface

Rnd the results are shown in Figure 10.

1,fi.S44x OVtu© a' Sec 6 0.8

E , 2.4 A all-solo C, 0.1 cal/g.'K

3.44 X 11 -.. 3X1*0' cal c " "-K
8, 0. 79) X"J 111 .8 Cal Ig

B, 1.6 QS 120.0 califg

S0.0xl 18'call uole Qf 50.0 callg

CG *.0(MP-l7klc/m'). 60 NS.0 Ca"/g

0.X P-20.36.0 k9/cm) 1.05 gi/ca'

# $(P-Skgl/cm'
)  K, 1.12 gI/CMI-sec-stm-

we 21.4 g/Mole K, 30.0 g/cml-sec-atm' -

We. 24.2 g/mote ,.
Tf ime "K 1#0e.0

r, m1 'K D, 5.6TX 16.4 cm/lsee
7, 2110 "K

1. Table 2 The original data sets used for the area I computations
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- - p

Figu-re 9 The relationship bet;.een mass combustion soeed

and -,ressure in area I.

/9

p

1. Figure 10 The multiple kinis of relationships that can exist

between the mean combustion speed estimated over

the entire surface and the pressure.

In this way, we can first try to explain the already

discovered phenomena more rea4onably £

1. Under the condition that the AP surface is covered

with a layer of the melten binder liquid, the pressure exponents

may not have to be either zero or negative. They can actually
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be -positive. This is why that ae should not be sur.rised to

fin4 the existence of this covering phenomenon associated aith

prescr_-tions w;ith positive pressure exponents. This is what

can and should be considered in a theoretical model.

2. The covering ph.enomena are also obvious and widespread

uneer lo,, pressures for non "mesa" areas or areas neighboring

the "mesa" areas. This also does not contradict our model.

This is the case since the pressure exponents in area I are

also nositive under low pressures so in this sense they are

the same as those in area II. In other words, the increase in

the fractional covered area Y'r ill not change the pressure

exponents to zero or negative values under low pressures.

In sum, the fact that the covering of the melten binder liquid

on top of the AP surface is not a particular phenomenon of the

propellant in the "mesa" area can be explained reasonably.

3. By replacing the local extinction under the area where

the .A2 is covered by the melten binder with the'abnormal burning,

we can provide a more reasonable explanation for the existence

of the self-excited vibration under the pressure condition

associated with extensive covering.

Secondly, we can see that this model can fully explain

the phenomena that the AP composite propellant can exhibit

positive, zero, and negative pressure exponents. Furthermore,
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.hen = our molel reduces b-ck to the "BD" type model

..:hi.h !innies only for nronellant with a binder that is

difficult to melt. This showas that our model can be used for

a much w;ider range of an-olications.

At the same time, -w-e c=n see from the mathematical

treattment mentioned above that through-the computations ,-e ian

not only exnlain the dependency relations hip betiieen the

combustion speed and the Pressure, but we' can also calculate

the influence of the initial temperature on the combustion

sneed based on the influence of the iniTia. tempnerature on the

surface tenerature. Ue can then calculate the temperature

sensitivity coefficient associated with the combustion speed.

In the meantime, we can also see from the inclusion of the diameter

of the oxidation reagent particle ing* ( Y' also includes the

relationship with it) that we can make theoretical predictions

about the effects of the diameter of the oxidation reagenz

nprticle on the combustion speed, temperature sensitivity

coefficient, and the pressure exponents.

In addition, similar to the basic "BDP" and "GDF" models,

this model can be further developed into a statistical model

which can take into consideration the effect of the size

distribution of the AP particles. This model can also serve as

a basis for the study of the erosive burning and un-steady

burning of the propellants which include the ones rith negative
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pressure exnonents, just like the ",way the advocates of the

node .are doing it.273

Of course the types of propellants involved in this

study are limited and the model has not yet given the

auantitative relationship bet.een the fractional covering

area r ani the reaction fraction G, as well as the factors

that are affecting them. This is why further study and

nerfection of the model are necessary.

VI CONCLUSION

1. Through S 4 ! and photography through the transparent

window of the combustion chamber we discovered : the covering

of the melten binder on the surface of the .42 crystal under

certain conditions is not a particular phenomenon of the ?U

propellant in the "mesa" area; rather it is a general phenomenon

that can take Dlace over a much extensive area. In addition, this

kind of covering may not result in local extinction.

2. "fe think that the cause of the "plateau" and "mesa"

effects of the com.oosite prop-ellants with easily melting binders

is not local extinction; rather it is the abnormal burning of

prooellant with condensed phase reaction and reverse-direction

gasificatioh associated with different covering conditions of

41
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the -A! by the nelten binler liqui . Layer.

3. Since there i widespread existence of the covering

of the surface of the oxilat'_,on reagent by the melten binder,

the Rssun=tions of the "GDF" and "BDP" models are destroyed.

This is why we need a new basic model which can address

the -:hblen fully. The model nro.osed by this -aer has the

-otentia j of beomming a basis for the development of such a

new; no"e!.

4. The model Proposed by this paper not only exhibits

the surerior noints of being able to explain fully the "plateau",

"nesa", and nor.al burning behavior, but it is also capable

of exliTining the effects of initial temperature and the AP

particle size on the burnirg characteristics. The latter is similar

to the capability of the traditional models such as the "GDF"

Rnd "3D?". At the same time, our model can also serve as a basis

for the study of the erosive burning and un-steady burning of

the nronellpnts which include those with negative pressure

exponents.

5. The model proposed by this paper needs to be further

perfected.
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